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Comparative investigation of the intermolecular chemical interaction (binding) 
between bovine serum albumin (BSA) and four polyfluoroalkyl substances (PFOA, 
PFNA, PFHxS, PFOS) by 19F NMR spectroscopy with synchronous observation of the 
19F signals from both ends (head and tail) of the polyfluoroalkyl molecules was 
performed at three temperatures of 298K, 304K and 310K.  
Chemical shifts of 19F NMR peaks in solutions of PFAS with BSA were used 
for evaluation of the dissociation constants, Kd, for both known mechanisms of PFAS 
binding with BSA: by hydrophobic interaction of the PFAS molecule carbon chain tail 
in the hydrophobic pockets of BSA (Ω mechanism) and by hydrogen bond and 
electrostatic interaction of the PFAS molecule head group with charged regions on the 
BSA surface (α mechanism). It was established that highest affinity of all four 
PFAS:BSA complexes is by the Ω mechanism of binding with Kd at 310K reaching 
values as low as 3.9×10-6, 6.5×10-6, 7.7×10-6 and 1.9×10-5 M for PFOS, PFOA, PFNA, 
and PFHxS, in comparison with 5.7×10-5, 5.6×10-5, 6.6×10-5 and 5.4×10-5 M values 
for α mechanism of binding. 
Evaluation of the thermodynamic parameters (enthalpy ΔH, entropy ΔS, and 
Gibb’s free energy ΔG) showed that binding of PFOA, PFNA, PFHxS, and PFOS with 
BSA by both α and Ω mechanisms is accompanied by negative ΔH and ΔS and 
positive ΔG which are characteristic for binding of two large hydrophobic molecules 
with each other by weak hydrogen bond and van der Waals’ forces. 
Kd for binding of the branched isopropyl isomers of PFHxS and PFOS with 
BSA were measured at 310K as 8.8×10-5 and 7.6×10-5 M, correspondingly, which 
 
 
indicated less affinity of isomers with the surface of BSA in comparison with the 
linear structure of PFHxS and PFOS molecules possibly due to “bulky” structure of 
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Since the end of the second World War, a group of synthetic fluorinated 
chemicals called per- and polyfluoroalkyl substances (PFASs) have been used broadly 
in numerous industrial and consumer applications to create non-adhesive surfaces and 
flame-resistant materials.1-4 PFASs are oleophilic with greater hydrophobicity and 
acidity than their hydrocarbon analogs. Due to the strength of the carbon-fluorine bond 
these compounds possess unique chemical and physical properties such as high 
chemical stability and thermal inertness, and ultra-low surface energy. These 
properties also lead to complex interactions within environmental and biological 
systems.1, 2 PFASs persist in the environment, withstanding biodegradation, photolysis 
and hydrolysis. As a result, they bioaccumulate in the food chain, are transported long 
distances via air or water and are detected ubiquitously all over the world even in 
remote regions with no history of their production.1, 2  
Perfluorooctanoic acid (PFOA; C8HF15O2), perfluorononanoic acid (PFNA; 
C9HF17O2), perfluorohexanesulfonic acid (PFHxS; C7HF15O3S) and 
perfluorooctanesulfonic acid (PFOS; C8HF17O3S) are four of the most historically 
used PFASs and have received particular interest among the thousands of different 
PFAS molecules due to their high frequency of detection in the environment and in 
humans.1, 2, 4 Studies have reported widespread exposure in humans, where PFASs 




have also been found in cord serum of infants and in breast milk of nursing mothers.6, 7 
Their persistency is demonstrated by their long half-lives in humans, estimated to be 
3.8 years for PFOA, 2.5 years for PFNA, 8.5 years for PFHxS, and 5.4 years for 
PFOS.1, 8 From epidemiological studies, the critical effects of PFASs are an increase in 
serum total cholesterol in adults,9 a decrease in antibody response for vaccinations,10 
pregnancy-induced hypertension and preeclampsia,11 and cancer.12, 13 The mechanisms 
by which PFASs interact and transport throughout the human body are not well 
understood and are still being researched.10, 14 These PFASs are detected primarily in 
the blood and the liver of humans, highlighting their proteinophilic nature.15  
Human serum albumin (HSA), being a ligand binding protein, plays an 
important role in the accumulation pattern of PFASs in the blood and the liver 
tissue.16, 17 The ability of a molecule to bind to HSA influences its lifetime and 
excretion from the body.18 HSA at 0.6 mM is the most abundant protein in humans, 
transporting different natural and exogenous ligands including fatty acids, 
pharmaceuticals and small organic anions throughout the human body.18 Studies have 
estimated that over 90% of the total PFASs in the body will be bound to HSA.19 With 
an aliphatic tail and anionic head group, PFASs are analogous to fatty acids and bind 
primarily with HSA due to its abundancy.20 HSA contains seven distinct fatty acid 
binding sites that are asymmetrically distributed around the protein.18 Competition for 
binding sites between molecules can significantly affect the equilibrium between 
HSA-bound and HSA-unbound forms of the PFAS molecule.16, 18  
Dissociation constants, Kd, for PFAS-HSA binding reportedly range from 10
-2 




part by the variety of experimental techniques amenable to different mechanisms of 
PFAS-HSA binding.22 HSA binds PFASs by two thermodynamic interactions: 
hydrophobic forces via the carbon tail in the hydrophobic pockets of HSA (specific 
binding) or by hydrogen bonds and electrostatic forces with the anionic head group in 
charged regions on the HSA surface (non-specific binding). Literature is conflicted on 
the mechanisms of PFAS-HSA binding and the number of binding sites on HSA.18-21 
Fluorescence spectroscopy experiments have shown that PFASs interact with HSA 
specifically in hydrophobic cavities. These specific binding sites are sterically 
hindered and have a particular geometry that binds a limited number of PFAS 
molecules per protein. Studies using equilibrium dialysis report PFASs binding 
specifically and non-specifically to HSA. Once the specific sites with the higher 
binding affinity have been filled the PFASs will continue to be adsorbed non-
specifically throughout the charged regions on the surface of HSA with greater 
orientational freedom. Many PFASs are bound by non-specific adsorption because 
there is more available surface area than there are hydrophobic pockets.24 The 
adsorption phenomena can also help explain the number of PFAS binding sites on 
HSA ranging from 1 to 50 as described in literature.20, 25  
Fatty acids have Kd values in the same range as PFASs.
18 Evaluating the 
potential for PFASs to displace fatty acids from HSA is important to understanding 
the detrimental impacts of PFASs on humans. A recent study has correlated PFAS-
HSA Kd values with placental transfer of PFASs in humans. Placental transfer 
efficiency (PTE) is the ratio of PFAS concentration in cord blood to that in maternal 




The goal of this study was to investigate the binding mechanisms of four 
commonly used PFASs (PFOA, PFNA, PFHxS and PFOS) to bovine serum albumin 
(BSA) protein at relevant physiological parameters using fluorine nuclear magnetic 
resonance spectroscopy (19F NMR). BSA was used as a model protein as it closely 
resembles HSA and has similar binding sites.18 Fluorine NMR is a useful technique to 
characterize PFASs binding in biological mediums due to the unique 19F signal from 
the PFASs which are not generated by the protein.15, 21, 26-28 Comparative study of 
these four PFASs at the same experimental conditions with synchronous observation 
of the 19F signals from both the head and the tail of the PFAS molecules revealed how 
differences in charged head group and chain length impact PFAS binding strength and 







MATERIALS AND METHODS 
 
2.1. Chemicals 
Bovine serum albumin (BSA) (99% fatty acid free) lyophilized powder and 
trifluoromethyl acrylic acid (TFMAA) (98%) solution were obtained from Sigma 
Aldrich (St. Louis, MO). Deuterium oxide (D2O) (99%) solution was purchased from 
Fisher Scientific (Agawam, MA). PFOA (99%), PFNA (99%), PFHxS (95%) and 
PFOS (86%) was obtained from Accustandard (New Haven, CT).  
 
2.2. Nuclear Magnetic Resonance Spectroscopy (19F NMR)  
BSA concentration was held constant at 10 μM in pH 7.4 phosphate buffered 
saline (PBS) to apply chemical shift perturbation (CSP) analysis, which requires that 
PFAS be in in excess relative to the protein concentration.18, 22 BSA solutions were 
prepared at least one day in advance of 19F NMR measurements and kept at 4 oC 
overnight. Each PFAS was dissolved in PBS and prepared at least a day in advance of 
the experiments. After dissolving in PBS, each sample vial was vortexed for 5 min to 
aid in dissolution and then stored at room temperature overnight. PFAS stock 
solutions were stored in polypropylene containers, which have been shown to adsorb 
less PFAS than glass containers.30 The PFAS stock solutions were diluted to achieve 
specific PFAS to BSA ratios. Then the PFAS solutions were transferred into analytical 




D2O solution were needed in every sample for proper NMR lock and calibration. 5 μl 
of TFMAA was added as a second reference point for the CSP analysis. NMR spectra 
were obtained using a Bruker Advance III HD 400 NanoBay spectrometer (Bruker 
BioSpin, Rheinstetten, Germany) equipped with a 5mm BBFO z-gradient smart probe 
using a Bruker Automatic Sample Changer (SampleXpress).  
19F NMR spectra were automatically acquired under the control of ICON-
NMR (Bruker BioSpin, Rheinstetten, Germany) in the range from +20 to −220 ppm 
with the Bruker 5-mm auto-band probe tuned to 470 MHz for 19F resonance. Chemical 
shifts were recorded relative to D2O (0.000 ppm) and TFMAA (-64.866 ppm). A 90° 
pulse width for 18.0 µsec was used for all experiments to provide the maximum signal 
to noise ratio (S/N) and to minimize the influence of the off-resonance effects on the 
accuracy of 19F NMR measurements.15 4096 scans were collected yielding 131072 
data points to maximize the signal to noise ratio. 1D 19F NMR spectra were obtained 
with a spectral width of 89285.7 Hz, an acquisition time of 0.64 sec and a recycle 
delay of 1 sec to ensure full T1 relaxation. For evaluation of the thermodynamic 
parameters of the PFAS-BSA binding 19F NMR spectra were recorded at three 
different temperatures; 298K, 304K and 310K.  
The Bruker pulse program, zgflqn, was used with a receiver gain (RG) of 212. 
All 19F NMR spectra were automatically phased and baseline corrected for accurate 
quantitative measurements using the Topspin3.2 software package (Bruker BioSpin, 
Rheinstetten, Germany), MestReNova software package (Mestrelab Research, 
Escondido, CA) and Origin Software (Origin Lab, Northampton, MA). Peak shifts 




diagnostic resonances using Origin Software. All 19F NMR experiments were repeated 
independently in triplicate. 
 
2.3. Dissociation Constants (Kd)  
The dissociation constant, Kd, is an equilibrium constant that measures the 
propensity of a larger complex in the bound state to reversibly dissociate into its 
constituent parts. PFAS bound with BSA represents the large complex while unbound 
PFAS and BSA represent the smaller components. Kd can be represented from the 
following reaction and ratio, seen in equation (1) and (2), and is inversely proportional 
to the association constant, Ka.  
[PFAS − BSA]
Kd




   (2) 
The chemical shift of a ligand NMR signal in the presence of a protein is 
commonly used to monitor the formation of a protein-ligand complex. 1D NMR 
spectra of small-molecules (MW ≤ 500 Da) typically have sharp peaks due to a shorter 
dipole-dipole relaxation. Binding of a ligand to a high molecular weight molecule such 
as a protein induces peak broadening and a corresponding chemical shift in the NMR 
signal because the bound ligand experiences the slow relaxation time of the protein 
compared to the free state of the ligand.31  
Kd values were determined based on the resonance chemical shift, ∆δ, of the 
PFAS bound to the BSA relative to its unbound state in solution.19, 20, 26 Chemical shift 
perturbation (CSP) theory can determine the binding affinity of the ligand, the binding 




population-weighted average of free and bound ligands, which allows the 
determination of Kd from measurement of the peak positions.
19, 20, 22, 28 The chemical 
shift of the PFAS resonance peak is sensitive to structural differences of its bound and 
unbound states, meaning that a genuine binding interaction of PFAS with BSA will 
produce a perturbation.22, 28 A CSP in excess of 0.02 ppm indicates that the 
environmental structure of the ligand experiences some transformation (e.g. alteration 
of polarity, electrostatic interaction, etc.).22 At a fixed BSA concentration, these 
perturbations are dependent on the PFAS concentration, reflecting differences in the 
fraction of PFAS which is bound to BSA. A smaller fraction is bound at high PFAS 
concentrations, resulting in resonances that more closely resemble those of the free 
PFAS. These spectral changes are related to the fraction of bound ligand.32 
Kd values were determined graphically based on equation (3): 
[L]T =  
n[P]T
∆δ
∙ ∆δBapp − Kd   (3) 
where ∆δ = δobs− δfree is the net chemical shift of the monitored resonance of the 
bound ligand, [L]T is the total ligand concentration, [P]T is the total concentration of 
protein, n is the number of binding sites per protein molecule and ∆δBapp is the 
apparent change in the chemical shift for the monitored resonance in the bound 
state.19, 20 The value of Kd is extracted as the negative y-intercept from the plot of the 
PFAS concentration versus the inverse of the PFAS chemical shift.19, 20, 22, 33 By 
monitoring the perturbations of the chemical shifts for both the head and tail of the 
PFAS, it is proposed that the Kd for both binding mechanisms (hydrophobic and 
electrostatic) can be evaluated. The monitored peaks arise from the fluoroethyl carbon 




mechanism. And the fluoromethyl carbon at the end of the hydrophobic tail, labelled 
Ω, representing the specific binding mechanism, shown in Figure 1. 
 
 
Figure 1: Structures of PFOA (left) and PFOS (right) depicting the fluorines that are 
monitored in this CSP analysis and which binding mechanism (α or Ω) they represent. 
 
 
The Kd values were measured for PFAS concentrations ranging from 10 μM to 1 mM 
for PFOA, PFNA, PFHxS and PFOS. This concentration range of PFAS is well above 
the ~1μM detection limit of the 19F NMR method and can be found in a body of a 
highly exposed individual.1, 27 
  
2.4. Thermodynamic Parameters of PFAS-BSA Binding 
Dissociation of PFAS with BSA is accompanied by a change of the Gibb’s free 
energy, ΔG, that can be evaluated using equation (4): 
Kd =  e
−∆G
RT    (4) 
where R is the ideal gas constant and T is absolute temperature. For small temperature 
ranges the change in the enthalpy ΔH and entropy ΔS of a thermodynamic system are 
essentially constant and equation (5) can be used for ΔG without the need to take into 
account the temperature dependencies of ΔH and ΔS: 
∆G = ∆H − T∆S   (5) 
Ω Ω α α 




ΔH and ΔS are determined from the slope (-ΔH/R) and the y-intercept (ΔS/R) based 







   (6) 
The signs of ΔH and ΔS (+ or -) determine the dominant intermolecular forces 
for PFAS-BSA binding: hydrophobic interactions when ΔH > 0 and ΔS > 0, 
electrostatic interactions when ΔH < 0 and ΔS > 0, or van der Waals interactions and 
hydrogen bonding when ΔH < 0 and ΔS < 0.34-37 
The effect of carbon chain length and head group structure on the 
thermodynamic mechanisms of PFAS-BSA binding is analyzed in this comparative 
study of two carboxylates (PFOA and PFNA) and two sulfonates (PFHxS and PFOS) 






RESULTS AND DISCUSSION 
 
3.1. PFAS Characterization 
Figure 2 shows the chemical structures and associated 1D 19F NMR spectra for 
PFOA, PFNA, PFHxS and PFOS in PBS in the absence of BSA. PFOA and PFNA 
exhibited clean spectra with no impurities or branched isomers detected, similar to 
prior 19F NMR results.15, 19, 20 In contrast, PFHxS and PFOS contained impurities and 
branched isomers, causing the signal intensity to decrease and the noise to increase.  
PFASs are industrially manufactured on a large scale using the Simons 
Electrochemical Fluorination (ECF) process. With the longer chain sulfonates, such as 
PFOS, fragmentation and rearrangement of the carbon skeleton occurs during this 
process, producing a mixture of linear and branched isomers as well as shorter chain 
homologues. The ECF of short-chain sulfonates gives significantly better percentage 
of the linear compounds.33, 38, 39 This is confirmed in Figure 2; the 1D 19F NMR 
spectra for PFHxS and PFOS exhibited roughly 5% and 30% branched isomers based 
on peak integration of the linear and branched peaks. Understanding how isomers 
differ in binding to HSA has not been studied in detail due to challenges connected 





Figure 2: Exemplary spectra for (A) PFOA, (B) PFNA, (C) PFHxS and (D) PFOS at 1 
mM in PBS solution in the absence of BSA. 
 
 
3.2. Dissociation Constants (Kd) and Binding Mechanisms 
19F NMR spectroscopy observation is a powerful tool to study protein-ligand 
interactions because each fluorine atom gives an individual signal in the spectrum that 
carries information on the local chemical environment. (22, 40) An advantage of 19F 
NMR spectroscopy is that it can measure Kd in the μM range which is not well 
covered by traditional biochemical binding assays.22 The following criteria are 
required to identify PFAS binding mechanisms: (1) the molecular recognition event is 
sufficiently defined to provide a well-structured binding complex; (2) there are a 
number of independently varying 19F NMR signals that shift, providing a 
multidimensional analysis; and (3) the shift of the PFAS 19F resonances is induced by 




molecule.41 By comparing the chemical shifts for both ends of a PFAS molecule, the 
1D 19F NMR experiments can provide insight into the binding mechanism and 
structure of the PFAS bound to BSA.19, 20, 21, 25 
  
3.2.1 Carboxylates (PFOA and PFNA) 
PFOA and PFNA exhibited significant 19F chemical shift and broadening in 
both α and Ω resonances upon binding to BSA.  Figure 3 shows the evolution of the 
PFOA peaks corresponding to the 19F atoms located on the carbon near the head (α) 
and the final carbon on the tail (Ω) of the compound, with increases in concentration 
from 10 μM up to 1 mM in the absence (Figure 3A) and in the presence (Figure 3B) of 
BSA. Without protein, α and Ω 19F resonances did not shift nor broaden with 
increasing PFAS concentration (Figure 3A). With BSA present, these peaks shifted 
and broadened reflecting PFAS-BSA complex formation (Figure 3B). This is most 
evident at low PFOA concentrations (i.e. low [PFOA:BSA] ratios) where almost all 
measurable PFOA is protein-bound, and the α and Ω 19F resonances are perturbated 
the farthest from the original BSA free positions. With an increase in the PFAS 
concentration in solution with BSA, α and Ω 19F resonances return their shifts on the 
spectrum in solution without BSA as shown in Figure 3. The fluorine α resonance on 
the carbon adjacent to the headgroup is the most sensitive to protein binding and does 







Figure 3: Evolution of the 19F peaks related to head (α) and tail (Ω) of PFOA with 




The change in the PFAS chemical shift is an average of specific (Ω) and 
nonspecific binding (α) with the protein.31 By analyzing the 19F signals from opposite 
ends (head (α) and tail (Ω)) of the PFAS it is possible to distinguish between specific 
and nonspecific binding. Figure 4 and 5 show that both carboxylates, PFOA and 
PFNA, follow this pattern of the α and Ω peaks shifting on the NMR spectrum in 
solutions with 10 μM BSA at three different temperatures, 298K, 304K, and 310K. As 
the PFAS concentration increases both the α and Ω peaks return to their original 
positions on the spectrum without BSA, indicating a saturation of the specific and 
non-specific binding sites. 
The α and Ω peaks were not detected below 2.5:1 for PFOA:BSA or below 
7.5:1 for PFNA:BSA, suggesting that below these ratios all PFASs are bound to 
protein. As seen in Figure 5, there is a significant chemical shift of the α peak across 
the entire PFOA and PFNA concentration range that demonstrates that the majority of 
the PFAS molecules adsorb non-specifically via electrostatic interactions. At the same 
time, the return of the Ω peak chemical shift with an increase of PFOA or PFNA 




concentration suggests that only a small quantity of the PFAS molecules, much below 
a ratio of 25:1 PFAS:BSA, bind specifically with BSA through the hydrophobic 
interaction of the PFAS carbon tail, as seen in Figure 5. These observations are 
consistent with previous studies of PFAS-BSA binding which established the 
existence of up to 50 sites on the BSA molecule surface available for α-type binding 
and a few hydrophobic pockets available for Ω-type binding in the BSA molecule 
core.17, 20, 25 Studies employing fluorospectrometry, isothermal titration calorimetry 
and circular dichroism have shown that the PFAS-BSA interaction follows a two-step 
Langmuir sequence and that the favorite binding site is located in the protein 
hydrophobic core.42 This two-step binding mechanism is supported by the data found 
in this study shown in Figure 5 and in Figure S1 (see supplementary material in 
Appendix A). An animated illustration of this two-step sequence is shown in Figure 6.  
 
Figure 4: Dependence of the inverse chemical shift (1/Δδ) of the α (circles) and Ω 
(squares) peaks on the concentration of PFOA (gray and black) and PFNA (yellow and 






Figure 5: Dependencies of the chemical shift, ∆δ, of α (circles) and Ω (squares) peaks 




Figure 6: Animated view of PFAS-BSA interaction following a two-step Langmuir 
sequence with the specific binding sites located in the protein hydrophobic core 
followed by the non-specific adsorption sites on the BSA surface. Texts in figure state 





The PFNA Ω peak returned to its original position at a 50:1 PFNA:BSA and 
then continued to shift upfield at higher ratios (Figure 7). This was the only compound 
to have this occur at high PFNA:BSA ratios, and may reflect BSA promoting the 
formation of adsorbed PFNA micelles, possibly through hydrogen bond formation and 
electrostatic interactions of the anionic head group and the charged surface area of 
BSA. This stabilization effect could explain the upfield shift and disappearance of the 
PFNA Ω peak. This suggests that the addition of BSA disrupts normal surfactant 
behavior, possibly through the formation of surfactant-protein aggregates, shown by 
previous studies.19  
 
 
Figure 7: Evolution of the PFNA α and Ω peaks with increasing PFNA:BSA from 
7.5:1 to 100:1. Animated image displays the possible structure of the stabilized PFNA 
micelles due to the presence of BSA.  
 
 
Figure 8 shows the graphically determined Kd for the α and Ω mechanisms of 
PFOA and PFNA binding with BSA using measured chemical shifts, ∆δ, and equation 




(1). Both α and Ω binding mechanisms have a Kd in the 10
-5 M range. At 310K, the 
hydrophobic interaction of the carbon tail for PFOA and PFNA with the BSA core 
have a Kd near 10
-6 M. Having a Kd this low makes PFOA and PFNA ligand 
competitors with natural fatty acids to form complexes with BSA. For both PFOA and 
PFNA, Kd decreased with increasing temperature. Indicating that hydrophobic forces 
are the strongest in the formation of PFAS:BSA complexes. PFOA is characterized by 
a lower Kd at all three temperatures compared to PFNA, suggesting that PFOA has a 
stronger affinity for BSA than PFNA due to steric interactions. PFASs with longer 
carbon tails can adopt helical twists that sterically hinder binding to the hydrophobic 
pockets of BSA.43 
 
Figure 8: Dissociation constants (Kd) for α (circles) and Ω (squares) mechanisms of 
binding of PFOA (orange) and PFNA (gray) with BSA measured at 298 K, 304 K, and 









3.2.2 Sulfonates (PFHxS and PFOS) 
 PFOS 19F NMR peaks had almost two orders of magnitude lower signal 
intensity in comparison with the other three PFASs with or without BSA due to the 
significant content of isomers (~30%).28 PFHxS exhibited less isomers content (~5%). 
To understand the isomer impact on PFAS interaction with BSA, an additional 
resonance peak at -71.868 ppm, labeled (I), was monitored throughout the CSP 
analysis. This resonance peak corresponds to the most abundant isopropyl branched 
isomer found in both PFHxS and PFOS based on spectra peak integration. Figure 9 
shows the structure of the isopropyl isomer determined by previous studies.33, 38, 39 The 
carbon chain length of the PFHxS and PFOS isomer is reduced by one and the 
presence of a branched fluoromethyl group on the carbon adjacent to the sulfonic head 
group has the potential to modify the interaction of the PFAS isomer molecule with 
BSA in comparison with linear structures of PFHxS and PFOS.  
 
Figure 9: Structure of the isopropyl isomers of PFHxS and PFOS determined by 
previous studies.23-25  
  
PFHxS exhibited a significant 19F chemical shift and broadening in both α, Ω 
and I resonances upon binding to BSA. The α, Ω and I peaks were detectable down to 
2.5:1 PFHxS:BSA, indicating that below this ratio all of the PFHxS molecules are 
bound to BSA. The dependencies of the inverse chemical shift, 1/Δδ, of α, Ω and I 




three different temperatures, 298 K, 304 K, and 310 K, are shown in Figure 10. The 
dependencies of the chemical shift, Δδ, of α, Ω and I NMR peaks on concentration of 
PFHxS in solution with 10 μM BSA are shown in Figure 11. Figure 10 show that in 
case of PFHxS, the values of the chemical shift for the isomer peak, I, are not 
significantly different from the α and Ω peaks for the linear PFHxS molecules. Figure 
11 and Figure S2 show the return of the chemical shift for the α, Ω and I peaks with 
increasing PFHxS:BSA. The chemical shifts of the α, Ω and I peaks approach their 
original positions at 25:1 PFHxS:BSA. PFHxS was the only compound to have both 
peaks return to their original positions at ratios this low. This suggests that fewer 
PFHxS molecules bind through electrostatic forces between its head group and the 
charged surface area of BSA. A possible explanation stems from PFHxS having a 
higher water solubility than the other three PFASs studied, reflecting weaker 





Figure 10: Dependence of the inverse chemical shift (1/Δδ) of α (circles), Ω (squares) 
and I (triangles) peaks on concentration of PFHxS measured at 298 K, 304 K, and 310 
K. R2 ≥ 0.95 for PFHxS at all three temperatures. 
 
Figure 11: Dependencies of the chemical shift, ∆δ, of α (circles), Ω (squares) and I 





PFOS exhibited a significant 19F chemical shift and broadening in α, Ω and I 
resonances upon binding to BSA. The α, Ω and I peaks were detectable down to 25:1 
PFOS:BSA. Indicating below this ratio all PFOS molecules are bound to BSA. The 
disappearance of the PFOS peaks was an order of magnitude higher than the other 
three PFASs studied. Possibly, due to the signal intensity being two orders of 
magnitudes less compared to the other three PFASs, because of significant isomer 
content. The dependencies of the inverse chemical shift (1/Δδ) of α, Ω and I resonance 
peaks on concentration of PFOS in solution with 10 μM BSA measured at three 
different temperatures, 298K, 304K, and 310K, are seen in Figure 12. The 
dependencies of the chemical shift, Δδ, of α, Ω and I peaks on concentration of PFOS 
in solution with 10 μM BSA are shown in Figure 13.  Figure 12 shows that at the same 
concentration of PFOS the isomer peak, I, has the larger chemical shift, Δδ, in 
comparison with α and Ω peaks, corresponding to the linear PFOS molecules. PFOS 
peaks contained a significant chemical shift up to 100:1 PFOS:BSA, as seen in Figure 
13 and Figure S2. PFOS was the only compound to have neither α, Ω and I peaks 
return to their original shifts as seen in Figure 13; this could be due to the large percent 
of isomers present causing there to be less free linear PFOS in solution with BSA. (28) 
Further work on isomer effects on PFAS binding is necessary to better understand 





Figure 12: Dependence of the inverse chemical shift (1/Δδ) of α (circles), Ω (squares) 
and I (triangles) peaks on concentration of PFOS measured at 298 K, 304 K, and 310 
K. R2 ≥ 0.95 for PFOS at all three temperatures. 
 
 
Figure 13: Dependencies of the chemical shift, ∆δ, of α (circles), Ω (squares) and I 





Figure 14 shows the graphically determined Kd for the interaction of the head (α) 
and tail (Ω) of linear molecules of PFHxS and PFOS as well as the isopropyl isomers 
(I) of PFHxS and PFOS with BSA, measured at 298 K, 304 K and 310 K. All Kd 
values are in 10-5 M range, except for Ω -type binding of PFOS at temperatures greater 
than 300K, the Kd was reaching values as low as 10
-6 M. Having a Kd near 10
-6 M, 
makes PFOS a possible ligand competitor with fatty acids binding with BSA. It is 
concluded that the Ω-type binding provided the lowest Kd and the highest affinity of 
PFHxS and PFOS binding with BSA, similar to previous studies.17, 20, 25 Comparing 
the binding of PFHxS-BSA and PFOS-BSA with each other revealed that PFOS has 
the higher affinity with BSA than PFHxS through Ω-type interaction while their 
affinities with BSA are comparable in case of α-type interaction. 
A decrease in Kd with increasing temperature indicates that hydrophobic forces 
are the strongest in binding of PFHxS and PFOS as well as their isopropyl isomers 
with BSA. Higher values of Kd for the isomers of PFHxS and PFOS indicate that the 
steric hindrance of the branched isomer head decreases the affinity of the isomers with 
the surface of BSA in comparison with the linear structure of PFHxS and PFOS 
molecules (Figure 14). The branched isomer Kd values decrease less with increase in 
temperature compared to the linear PFHxS and PFOS molecules. Possibly due to the 
hydrophobic tail shortening by one carbon compared to the linear structures, causing 





Figure 14: Dissociation constants (Kd) for α and Ω mechanisms of binding of PFHxS 
(green) and PFOS (blue) and their isopropyl isomers (I) binding with BSA measured 
at 298 K, 304 K, and 310 K. Error bars are shown for each compound based on n = 3. 
 
 
3.3. Thermodynamic Parameters of BSA-Binding (PFOA, PFNA, PFHxS and PFOS) 
Kd is a thermodynamic parameter characterizing the affinity of a ligand bound to 
a protein molecule. The values of ΔH and ΔS for the α and Ω binding mechanisms are 
determined from the slope (-ΔH/R) and y-intercept (ΔS/R) of the plot of the linear 
van’t Hoff equation (6) (Figures S3 and S4). ΔG is calculated using equation (5) for 
the α and Ω binding mechanisms of the PFASs with BSA. It was found that both ΔH 
and ΔS were negative and ΔG was positive for all four PFASs studied, shown in 
Figure 15 for the carboxylates (PFOA and PFNA) and Figure 16 for the sulfonates 
(PFHxS and PFOS). Negative values of ∆H and ∆S indicate that intermolecular 
hydrogen bonds and van der Waals’ forces are dominating the interaction between 




negative ∆H and ∆S and a positive ΔG is characteristic for the interaction of water and 
a hydrophobic molecule with a long carbon chain. This is common in biological 
reactions involving hydrophobic binding with each other that are controlled by the 
values of ∆H and ∆S for the reaction.44  
 
 
Figure 15: Enthalpy (ΔH), entropy (ΔS) and free energy (ΔG) for the α and Ω 






Figure 16: Enthalpy (ΔH), entropy (ΔS) and free energy (ΔG) for the α, Ω and I 
mechanisms of binding for PFHxS and PFOS with BSA from 298-310 K.  
 
 
Simultaneous evaluation of both ΔH and ΔS from only a van’t Hoff plot using 
equation (6) can give erroneous results due to the enthalpy-entropy compensation 
effect. Enthalpy–entropy compensation (EEC) is a well-known phenomenon 
manifested in many chemical and biochemical systems. Linear plots of ΔH versus ΔS 
are often treated as authentic representations of a thermodynamic relationship, or an 
EEC effect. (45) Errors can arise by the long extrapolation of the linear plot by an 
unknown law to get the y-intercept for ΔS, especially in biological systems with weak 
intermolecular interactions.  
To check the PFAS-BSA binding thermodynamic parameters for the EEC 




(6) an additional method to calculate ΔS is used. ∆H can still be obtained from the 
van’t Hoff plot of equation (6) as the temperature range is narrow. The ΔG is 
calculated from equation (4) with subsequent calculation of ΔS using equation (5). 
Additional measurements of ΔG and ΔH through independent isothermal titration 
calorimetry (ITC) may provide more accurate evaluation of the thermodynamic 
parameters of the molecular interactions between PFAS and BSA.  
Comparison of the ΔS calculated using equation (4) and equation (5) with ΔS 
received from van’t Hoff plot of equation (6) seen in Table 1 show that they are 
almost identical for the α and Ω mechanisms of binding for PFOA, PFNA, PFHxS and 
PFOS with BSA. A good match of ΔS calculated by two different methods in Table 1 
indicates that the thermodynamic parameters of the PFAS binding with BSA defined 
in this work were not compromised by the EEC effect. 
The thermodynamic parameters found in this study characterizing the binding 
of PFOA, PFNA, PFHxS and PFOS with BSA are in agreement with published data 






      Method 1 Method 2 
    
∆H 
(kJ/mol) 









(α) -24.260 -0.159 25.173 -0.160 25.213 
(Ω) -84.989 -0.373 30.730 -0.373 30.787 
PFNA 
(α) -24.205 -0.158 24.813 -0.158 24.805 
(Ω) -90.778 -0.391 30.370 -0.391 30.357 
PFHxS 
(α) -37.985 -0.204 25.335 -0.204 25.317 
(Ω) -53.922 -0.264 28.070 -0.264 28.053 
(I) -7.264 -0.101 24.059 -0.101 24.078 
PFOS 
(α) -24.094 -0.159 25.174 -0.159 25.180 
(Ω) -94.127 -0.407 32.184 -0.407 32.124 
(I) -4.913 -0.094 24.087 -0.094 24.080 
 
Table 1. Thermodynamic parameters, enthalpy (ΔH), entropy (ΔS) and Gibb’s free 
energy (ΔG) characterizing the interaction of PFOA, PFNA, PFHxS and PFOS with 
BSA in PBS buffer at pH 7.4 defined from linear van’t Hoff plot only (Method 1) and 
from the combination of van’t Hoff plot and Kd = e
−
ΔG








This study performed a comparative investigation of the thermodynamic binding 
interactions between four PFAS molecules (PFOA, PFNA, PFHxS and PFOS) with 
BSA using 19F NMR spectroscopy, with synchronous observation of the 19F signals 
from both ends of the PFAS molecules. Chemical shifts of 19F NMR peaks in 
solutions of PFAS with BSA were used to evaluate the equilibrium dissociation 
constants, Kd, for both known mechanisms of PFAS-BSA binding: by hydrophobic 
interactions of the PFAS molecule tail with hydrophobic pockets in the BSA core (Ω 
mechanism) and by the hydrogen bonds and electrostatic interactions of the PFAS 
molecule head group with charged regions on the BSA surface (α mechanism).  
The highest affinity of the PFAS-BSA complexes is by the Ω mechanism of 
binding, with Kd reaching as low as 3.9×10
-6, 6.5×10-6, 7.7×10-6 and 1.9×10-5 M for 
PFOS, PFOA, PFNA and PFHxS, in comparison with 5.7×10-5, 5.6×10-5, 6.6×10-5 and 
5.4×10-5 M for the α mechanism of binding. The Kd follow a U-shape with increase in 
chain length. Demonstrating that PFASs with tails greater than 8 carbons begin to 
decrease in binding affinity with BSA. This U-shape trend has been reported for 
placental transfer efficiencies (PTE) of PFASs, indicating that Kd can be accurately 
correlated with PTE. (23) These values also suggest that PFASs have a stronger binding 
affinity than previously thought by other studies and they may have the ability to 




investigation into this two-step binding sequence and its effect on PTE, as well the 
ability of PFASs to displace natural fatty acids in physiological conditions should be 
performed. 
The Kd for the α mechanism of binding within an order of magnitude of the Ω 
mechanism of binding suggests that both carboxylic and sulfonate head groups have a 
strong binding affinity. This is not seen in their hydrocarbon analogs that primarily 
rely on their hydrophobic tail to bind with BSA. The ability of the PFAS head group 
to reversibly bind with BSA should be looked at more closely, to better comprehend 
their physiological effects and how they are transported throughout physiological 
systems. Additionally, determining a single Kd for a PFAS based on both α and Ω 
mechanism of binding, such as equation (9) should be investigated to better predict 







   (9) 
Evaluation of the thermodynamic parameters enthalpy (ΔH), entropy (ΔS) and 
Gibb’s free energy (ΔG) showed that binding of PFOA, PFNA, PFHxS and PFOS 
with BSA by both α and Ω mechanisms is accompanied by a negative ΔH and ΔS and 
a positive ΔG, which is characteristic for the binding of two large hydrophobic 
molecules by weak hydrogen bonds and van der Waals’ forces. Additional 
experiments using isothermal titration calorimetry (ITC) should be performed to 
accurately determine and compare thermodynamic parameters of PFAS-BSA binding. 
The Kd for the binding of the branched isopropyl isomers of PFHxS and PFOS 
with BSA were measured for the first time. The isopropyl isomers of PFHxS and 
PFOS had a Kd of 8.8×10




of BSA in comparison with the linear structure of the molecules, possibly due to steric 
hindrance of the branched isomer head. Further investigation into isomer PFAS-BSA 
binding is needed to better understand their impacts in physiological systems. 
Additional studies on the ability of BSA to stabilize PFAS micelle formation and 
aggregation should be performed. Limited work has been published in this area and 
many PFASs still lack reported physiochemical property data. 19F NMR is a powerful 
tool to get high throughput results for a large quantity of PFASs. 
Over the last decade, 19F NMR equipment and software has advanced greatly 
allowing experiments to be performed at lower concentrations, with larger more 
complicated proteins. 19F NMR should become a standard procedure when analyzing 
the ability of PFASs to bind and how their properties are affected in various systems. 
Future work will be dedicated to multiple peak analysis programs and peak decoupling 
programs, such as PeakFit and Originlab, which are useful in analyzing a large number 
of 19F NMR peaks at a rapid rate. A good rule when attempting to perform any PFAS-
protein binding experiment is: (1) if working with complex protein(s) use a simple 
linear PFAS and (2) if working with a complex PFAS use a small single binding site 
protein, as to not complicate the system to where it becomes difficult to understand the 









Figure S1: Chemical Shift Perturbation Data for PFOA and PFNA across entire 
concentration range.  
 
Figure S2: Chemical Shift Perturbation Data for PFHxS and PFOS across entire 






Figure S3: Thermodynamic analysis using van’t Hoff Equation for Carboxylic Acids, 
all R2 ≥ 0.95. 
 
 
Figure S4: Thermodynamic analysis using van’t Hoff Equation for Sulfonic Acids, all 
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